Abstract. This study presents an optimal design of permanent magnetic coupling (PMC) for dynamic sealing in pressurized vessel considering non-leakage of harmful working medium. An improved partial swarm optimization method was designed to perform a multi-objective design optimization of the structure of PMC, in order to increase the torque transmission with limited magnetic material cost and decrease the eddy-current loss of the magnetic coupling caused by the metal isolation cover. After accurate computation, the optimal structure parameters of PMC were obtained. Then, a 3-D finite element model of PMC with the optimal structure was constructed to analyze the transmitted torque and eddy current loss, and verified the validity of the proposed design method.
Introduction
With the progress of industry and development of advanced manufacture, higher requirements of sealing are put forward, particularly to the heavy-pressure and high-speed dynamic sealing, which often affects the security, reliability and durability of the mechanical equipment. The appearance of permanent magnetic coupling (PMC), which transmits torque between two rotors without any mechanical contact, solves thoroughly the leak problems existed in dynamic sealing of mechanical equipment and has been widely applied to the zero-leakage applications. However, the non-contacted magnetic torque transmission requires a large amount of permanent materials, which causes a high active material cost. Thus, how to design a PMC with higher torque transmission and lower structural mass is worthy of study.
By the increasing application of PMCs in the heavy-pressure and high-speed hermetic situation, the analysis of their structural design and optimization methods has been an active field of recent researches. Sethian and Wiegmann [1] introduced level set based optimization for the structural design in 2000. After that, Seungmin et al. [2] proposed a new level-set-based topology optimization method for magnetic coupling design using remeshing techniques that can generate meshes on the exact structural boundaries to improve the accuracy of finite-element analysis. To obtain weight reduction and high performance, Sang-In and Seungjae [3] addressed a novel scheme based on level set function to design the optimal configuration of a magnetic coupling for maximizing the actuating force. Besides, some other optimization methods were also used for PMC design. Mahmoudi et al. [4] evaluated an optimized PM motor using the GA for maximum power density and low cogging torque. Nevertheless, reports on the particle swarm optimization (PSO) adopted to structural design of PMC with the objectives of high torque transmission and low eddy-current loss have not been described.
PMC consists of two concentric sets of radial-shaped magnets assembled by tile permanent magnets, and one isolation set made of metal to withstand a certain load between them. The drive set combines with drive motor, and the load set is connected to the rotating load, seen in Fig. 1 . To obtain high torque transmission, the maximum torque characteristics is the main factor, which directly affects the transmission performance, and the eddy current caused by the metal isolation set is another factor, which blocks torque transfer. 
Torque and Current Loss Characteristics of PMC

Maximum Transmitted Torque of PMC
According to the torque expression between multiple sets of p-pair magnet coupling versus angular shift α [5] , the maximum transmitted torque of PMC with p-pair magnets could be described when the angular shift α=π/p, that is, 
in which,
where, r 1 , r 2 , r 3 and r 4 are the inner and outer radiuses of permanent magnets; z 1 , z 2 , z 3 and z 4 represent the lower and upper heights of them; θ 1 , θ 2 , θ 3 and θ 4 are the angular abscissas of the magnets; J 1 and J 2 denote the polarizations of the inner and outer magnet; u 0 is the vacuum permeability; p means pairs of the magnetic poles. F * [Φ,m] gives the elliptic integral of the second kind.
Eddy Current Loss of PMC
The metallic isolation in PMC produces eddy current loss for cutting lines of magnetic induction caused by the inner and outer magnets, which would weaken the transmitted torque and causes power loss.
Based on the previous work in [6] , the eddy current loss caused by the metallic isolation in PMC when the angular shift α=π/p could be expressed as, 
where, r, t, L are the inside radius, wall thickness and axial length of the isolation cover respectively; JA is the eddy current density; γ is the electric conductivity of the metallic isolation cover; Ĥ is the peak value of the magnetic intensity; n is the rotate speed of the magnet coupling.
Optimization Design of PMC Structure Establishment of Optimal Model
For the high cost of permanent magnetic materials, the optimal design problem could be defined as,
in which, τ is the magnetic material utilization; T max is the maximum transmitted torque (N.m), expressed as Eq. (1); V is the total volume of magnets (m 3 ); P e is eddy current loss (w), expressed as Eq. (4) 
, (6) In Eq. (6), T e is the required load torque (N.m); t 0 is the thickness of isolation cover (mm); r min and r max are the allowable minimum and maximum radiuses of permanent magnets (mm); t 1 min and t 1 max , t 2 min and t 2 max are the allowable minimum and maximum thicknesses of inner and outer magnets (mm); g min and g max are the allowable minimum and maximum air gaps (mm); p min and p max are the minimum and maximum pairs of magnetic poles.
As described above, the optimal design variables includes p, r 1 , r 2, r 3 , r 4 , r 0 , L and σ. Among them, the variable of pole pairs p is an integer discrete variable, and other 7 variables are continuous variables.
Design of Optimization Algorithm
The standard PSO is not applicable for the nonlinear constraints and discrete variable problems involved in industrial engineering. As a result, a new improved hybrid particle swarm algorithm is constructed.
The constraint conditions could be considered as part of the objective function by penalty function,
where, f(X) is the primitive function, and v(X) is the penalty function. The benchmarking procedure is used to compare the penalty function v(X) to obtain the optimal solution. The integer variable x z is searched as continuous variable firstly. After the best solution is obtained, round it off to the adjacent integral number by the following function, ( ) 
in which, ε is random number from 0 to 1.
In order to increase the diversity of population and decrease the interference of eliminated particles, population inertia weight, average velocity and velocity disturbances are all considered when the particle updates. Equations are as follows, in which, ω t is the inertia weight of current generation and ω t =ω 0 +ω 1 ×t/l. ω 0 and ω 1 are initial weights; t is the current number of iterations; l is the total number of iterations; w' is the perturbative index;
is the average velocity of particles in current generation, v i t is the velocity of particle in current generation; n is the number of particles.
Optimization Analysis and Structure Design
The required torque for PMC in the pressurized vessel application is 315N.m. The structural parameters of PMC are restricted by the geometry size of pressurized vessel, and the constrained boundaries are shown in Table 1 . The values of the parameters used in the improved PSO algorithm are: acceleration coefficients c 1 =c 2 =0.2, inertia weight w 0 =0.1, w 1 =0.85, number of particle n=100, total iteration times l=50, disturbance coefficient w'=0.2, default limit v 0 =0.05, normalized parameter α=0.001. The optimal results of the objective function and structure parameters of PMC are illustrated in Table 2 and Table  3 . The optimal solution of each design parameter is within the scope of the constraint boundary, and the corresponding optimal transmitted torque of PMC is 315.15N.m, which is very close to the required design torque 315N.m. Thus, the optimal results are adequate. Figure 2 . PMC Structure at the base of pressurized vessel.
The structure of PMC is designed according to the optimal results, located at the base of pressurized vessel as shown in Fig. 2 . The inner and outer magnets are both wrapped in iron yokes, which are embedded in the inner drive set and outer load set respectively. Between them, the isolation set is connected with the rotating load at its upper end and bolted with the vessel body at its bottom end. By this isolation set, the dynamic sealing of this pressurized vessel is changed into static sealing. Due to the large axial length of permanent magnets, which is difficult to obtain, a way of multiple segments with N and S poles interval combination is presented. In this application, the whole axial length is divided into 5 segments shown in Fig. 2 .
Three-dimensional Finite Element Analysis
To verify the designed PMC structure could meet the torque requirement of application, a 3D FEA model of magnetic coupling structure in PMC is constructed as Fig. 3 (a) After the model meshed, static magnetic field analysis is taken by ANSYS software and the spatial and vector distributions of the magnetic flux are obtained in Fig. 3 (b) and (c). Then the torque density value at the inner radius r 3 (76.4mm) of outer magnets is calculated by post-processing, which is 1611.30928N.m/m. Multiply this number by the axial length L (194.5mm) to get the transmitted torque, which is 313.40N.m, very close to the optimized torque 315.15N.m calculated by the improved PSO algorithm.
For the convenience of calculation, we consider a reverse rotation of isolation cover while the inner and outer rotors keep still. So the unit velocity effect of the isolation cover is activated with a rotating speed of 1200r/min and a rotating period of 0.5E-01 (20Hz) around z axis. The model is then analyzed by transient analysis of eddy current field. After the calculation by post-processing of ANSYS, the eddy current loss in PMC model is 189.878055w, with relative error of 1.68% compared with the optimized eddy current loss P e of 193.13w.
Conclusion
In this paper, a multi-objective optimization procedure was studied to design a PMC for a pressured vessel to achieve non-leakage by using an improved PSO algorithm. The objective function was defined as a combination of high torque transmission and low eddy current loss to save the high-cost permanent magnetic materials considering the load torque and structural parameters constraints. To deal with the nonlinear constraints and discrete variable problems involved in this application, an improved hybrid PSO algorithm was constructed to obtain the optimized structure parameters of PMC. According to the optimal results, the structure of PMC was designed at the bottom of the pressured vessel. After that, a 3D FEA model was constructed to analyze the transmitted torque and eddy current in the designed PMC and verified the calculation results by the optimal algorithm. Thus, it can be concluded that, the proposed optimization method is effective and could be well adapted to the optimal design of PMC.
